I. INTRODUCTION
Graphene, a two-dimensional single layer of graphite, was first fabricated in 2004 by Novoselov et. al. 1 . This has provided an unique opportunity for experimental observation of electronic properties of graphene which has attracted theoretical attention for several decades 2 . The importance of graphene lies not only in providing the first realization of Dirac physics in condensed matter systems but also in providing a way of realization of several devices in nanometer scale. In this article, we are going to concern ourselves mainly on the first of these two aspects of graphene.
In graphene, the energy bands touch the Fermi energy at six discrete points at the edges of the hexagonal Brillouin zone. Out of these six Fermi points, only two are inequivalent;
they are commonly referred to as K and K ′ points 3 . The quasiparticle excitations about these K and K ′ points obey linear Dirac-like energy dispersion. The presence of such Dirac-like quasiparticles is expected to lead to a number of unusual electronic properties in graphene including relativistic quantum Hall effect with unusual structure of Hall plateaus 4 .
Recently, experimental observation of the unusual plateau structure of the Hall conductivity has confirmed this theoretical prediction 5 . Further, as suggested in Ref. 6 , the presence of such quasiparticles in graphene provides us with an experimental test bed for Klein paradox.
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These and several other properties of graphene has been covered extensively in several review articles [8] [9] [10] . In the current article, we are going to focus on the effect of the Dirac nature of graphene quasiparticles on two separate aspects. The first of these involves transport of superconducting graphene junctions while the second involves Kondo effect and scanning tunneling spectra of graphene.
It is well known that the existence Dirac-like quasiparticles affects tunneling conductance of a normal metal-superconductor (NS) interface of graphene 11 . Graphene is not a natural superconductor. However, superconductivity can be induced in a graphene layer in the presence of a superconducting electrode near it via proximity effect [11] [12] [13] or by possible intercalation with dopant molecules 14 . It has been recently predicted 11 that a graphene NS junction, due to the Dirac-like energy spectrum of its quasiparticles, can exhibit specular Andreev reflection in contrast to the usual retro reflection observed in conventional NS junctions 15, 16 . Such specular Andreev reflection process leads to qualitatively different tunneling conductance curves compared to conventional NS junctions 11 . The effect of the presence of a thin barrier region of thickness d → 0 created by applying a large gate voltage V 0 → ∞ (such that V 0 d is finite) between the normal and the superconducting region has also been studied in Ref. 17 . It has been shown that in this thin barrier limit, in contrast to all normal metal-barrier-superconductor (NBS) junctions studied so far, the tunneling conductance of a graphene NBS junction is an oscillatory function of the dimensionless barrier strength χ = V 0 d/( v F ), where v F denotes the Fermi velocity of graphene, with periodicity π. Further, it has also been demonstrated that the tunneling conductance reaches its maxima of 2G 0 for χ = (n+1/2)π, where n is an integer. The latter result was also interpreted in terms of transmission resonance property of the Dirac-Bogoliubov quasiparticles 5 . However, no such studies have been undertaken for NBS junctions with barriers of arbitrary thickness d and barrier potential V 0 . As we shall discuss in details in Sec. II A, the analysis of Ref.
17 and calculate the tunneling conductance of a graphene NBS junction with a barrier of thickness d and with an arbitrary voltage V 0 applied across the barrier region can also be extended to thick barrier junctions 18 . It can be shown that the oscillatory behavior of the tunneling conductance is not a property of the thin barrier limit, but persists for arbitrary The study of Josephson effect in graphene for tunnel SBS junctions also presents some unconventional features due to the presence of the Dirac quasiparticles. In this review, we shall concentrate on SBS junctions with barrier thickness d ≪ ξ where ξ is the superconducting coherence length, and width L which has an applied gate voltage V 0 across the barrier region 19 . The central property of such junctions on which we shall mainly focus on is that in complete contrast to the conventional Josephson tunnel junctions studied so far 20, 21 , the Josephson current in graphene SBS tunnel junctions is an oscillatory function of both the barrier thickness d and the applied gate voltage V 0 . In the thin barrier limit, where the barrier region can be characterized by an effective dimensionless barrier strength χ = V 0 d/ v F (v F being the Fermi velocity of electrons in graphene), the Josephson current becomes an oscillatory function of χ with period π 19 . In this limit, the oscillatory behavior of Josephson current can be understood as a consequence of transmission resonance phenomenon of DiracBogoliubov-de Gennes (DBdG) quasiparticles in graphene. The Josephson current reaches the Kulik-Omelyanchuk limit 22 for χ = nπ (n being an integer), but, unlike conventional junctions, never reaches the Ambegaokar Baratoff limit 23 for large χ. This analysis is done in Sec. II B.
Another extremely interesting phenomenon in conventional metal systems is the Kondo effect which occurs in the presence of dilute concentration of localized quantum spins coupled to the spin-degenerate Fermi sea of metal electrons 24 . The impurity spin-electron interaction then results in perfect or partial screening of the impurity spin as one approaches zero temperature. It also results in a sharp 'Kondo Resonance' in electron spectral functions.
Recent developments in quantum dots and nano devices have given new ways in which various theoretical results in Kondo physics, which are not easily testable otherwise, can be tested and confirmed experimentally 25 . Most of the early studies in Kondo effect were carried on for conventional metallic systems with constant density of states (DOS) at the Fermi surface 26 . Some studies on Kondo effect in possible flux phases 27 , nodal quasiparticles in d-wave superconductors 28 , Luttinger liquids 29 , and hexagonal Kondo lattice 30 , for which the DOS of the associated Fermions vanishes as some power law at the Fermi surface, has also been undertaken. Recently, there has been a interest in study of the physics of magnetic impurities in graphene. [31] [32] [33] [34] [35] One of the purpose of this article is to articulate a part of this recent progress in Sec. IV A.
Scanning tunneling microscopes (STM) are extremely useful probes for studying properties of two or quasi-two dimensional materials 36, 37 . Studying electronic properties of a sample with STM typically involves measurement of the tunneling conductance G(V ) for a given applied voltage V . The tunneling conductances measured in these experiments have also been studied theoretically for conventional metallic systems and are known to exhibit Fano resonances at zero bias voltage in the presence of impurities 38, 39 . The application and utility of this experimental technique, with superconducting STM tips, has also been discussed in the literature for conventional systems 40 . However, tunneling spectroscopy of graphene using superconducting STM tips remains to be studied both experimentally and theoretically. In Sec. IV B, we shall elaborate the progress on the STM response of doped graphene and discuss some of it's unconventional features. For undoped graphene with
Fermi energy E F = 0, the derivative of the STM tunneling conductance (G) with respect to the applied voltage (dG/dV ) reflects the density of states (DOS) of the STM tip (ρ t ),
i .e., dG/dV ∼ +(−)ρ t for V > (<)0. By tuning E F , one can interpolate between this unconventional ρ t ∼ ±dG/dV and the conventional ρ t ∼ G (seen for E F ≫ eV ) behaviors.
Further, for superconducting STM tips with energy gap ∆ 0 , G (dG/dV ) displays a cusp (discontinuity) at eV = −E F − ∆ 0 as a signature of the Dirac point which should be experimentally observable in graphene with small E F where the regime eV > E F can be easily accessed. For impurity doped graphene with large E F , experiments in Ref. 35 have seen that the tunneling conductance, as measured by a metallic STM tip, depends qualitatively on the position of the impurity in the graphene matrix. For impurity atoms atop the hexagon center, the zero-bias tunneling conductance shows a peak; for those atop a graphene site, it shows a dip. We provide a detailed discussion of this phenomenon and point out that its origin lies in conservation/breaking of pseudospin symmetry of the Dirac quasiparticles by the impurity.
The organization of the rest of the review is as follows. We give a generic description of the graphene NBS and SBS tunnel junctions which is described by the Dirac-Bogoliubov-de Gennes (DBdG) equations. In section II A we review the theory of tunneling conductance of a graphene NBS junction with a barrier of thickness d and with an arbitrary voltage V 0 applied across the barrier region. The results obtained are then compared and contrasted with that of a thin barrier and zero barrier junction. In section II B we study Josephson current for a general SBS junction barrier region of thickness d and potential V 0 . We also discuss the thin barrier limit to understand the oscillatory behavior in terms of transmission resonance of DBdG particles. Finally we study some possible experimental realizations of the above mentioned junctions to probe the oscillations in section III. In section. IV A, we discuss the unconventional Kondo effect in graphene. We describe the large N analysis for a generic spin S local moment coupled to Dirac electrons in graphene. The analysis gives rise to a finite critical Kondo coupling strength which can be tuned by the application of an external gate voltage and is particular to graphene. We also discuss the possible realization of the non-Fermi liquid ground states via the multichannel Kondo effect. In section IV B,
we discuss the STM response of graphene. We discuss the tunneling current through the STM tip within linear-response theory using a superconding tip to probe an undoped sample and a metallic tip with constant density of states (DOS) to probe an impurity present in the sample. We conclude with a general discussion on the unconventional tunneling, STM
properties and the behaviour of magnetic impurities in graphene in section V.
II. TRANSPORT PROPERTIES OF SUPERCONDUCTING JUNCTIONS
An understanding of the transport properties across different superconducting junctions of graphene throws substantial light on the electronic properties. A generic description of the junctions to study the transport properties is as follows. A local potential barrier of width d is implemented on the graphene sheet occupying the xy plane by either using the electric field effect or local chemical doping 5, 6, 41 A s-wave pairing ∆(r) is induced in graphene via proximity effect 11, 42 . For NBS (SBS) region I is normal (superconducting)
region occupying x ≤ d for all y as shown schematically in Fig. 1 . The region II modeled by a barrier potential V 0 , extends from x = d to x = 0 while the superconducting region occupies x ≥ 0 (marked as region III in Fig (1) . For calculations we shall assume that the barrier region has sharp edges on both sides. This condition requires that
where k F and λ are Fermi wave-vector and wavelength for graphene, and can be realistically created in experiments 6 . Also, the interface is smooth and impurity free on the scale of the superconducting coherence length ξ = v F /∆ 0 , where ∆ 0 is the amplitude of the induced superconducting order parameter. For both the junctions (NBS and SBS) the induced pair potential can be modeled (with appropriate boundary condition for the two different junctions) as:
φ is the phase. These junctions can then be described by the Dirac-Bogoliubov-de Gennes (DBdG) equations:
Here, ψ a = (ψ A a , ψ B a , ψ * Aā , −ψ * Bā ) are the 4 component wavefunctions for the electron and hole spinors, the index a denote K or K ′ for electron/holes near K and K ′ points,ā takes
, E F denote the Fermi energy. A and B denote the two inequivalent sites in the hexagonal lattice of graphene, and the Hamiltonian H a is given by
In Eq. 3, v F denotes the Fermi velocity of the quasiparticles in graphene and sgn(a) takes
The potential U(r) gives the relative shift of Fermi energies in the barrier and superconducting regions and is modeled as:
Eq. 2 can be solved in a straightforward manner to yield the wavefunction ψ in the normal, insulating and the superconducting regions, taking into account both Andreev and normal reflection processes. These wavefunctions satisfy the appropriate boundary conditions at the interfaces of the junctions. Note however that these boundary conditions, in contrast their counterparts in standard junction interfaces, do not impose any constraint on derivative of the wavefunctions at the boundary. The tunneling conductance and Josephson current across the junctions can then be calculated using appropriate expressions. These are found to have novel oscillatory behavior in complete contrast to their standard counterparts as will be described in the subsequent sections.
A. NBS junction
The pair-potential for the NBS junction is modeled as:
θ(x) is the Heaviside step function. Eq. 2 can be solved in a straightforward manner to yield the wavefunction ψ in the normal, insulating and the superconducting regions. In the normal region, for electron and holes traveling the ±x direction with a transverse momentum k y = q and energy ǫ, the (unnormalized) wavefunctions are given by
where the wave-vector k n (k ′ n ) for the electron (hole) wavefunctions are given by
and α(α ′ ) is the angle of incidence of the electron (hole). In the barrier region, one can similarly obtain
for electron and holes moving along ±x. Here the angle of incidence of the electron(hole)
Note that Eq. 8 ceases to be the solution of the Dirac equation (Eq. 2) when E F = V 0 and ǫ = 0. For these parameter values, Eq. 2 in the barrier region becomes H a ψ B = 0 which do not have purely oscillatory solutions. For the rest of the calculation, we shall restrict ourselves to the regime V 0 > E F .
In the superconducting region, the DBdG quasiparticles are mixtures of electron and holes. Consequently, the wavefunctions of the DBdG quasiparticles moving along ±x with transverse momenta q and energy ǫ, for (U 0 + E F ) ≫ ∆ 0 , ǫ, has the form
where
where γ is the angle of incidence for the quasiparticles. Here the wavevector k s and the localization length κ −1 can be expressed as a function of the energy ǫ and the transverse momenta q as
where β is given by
Note that for |ǫ| > ∆ 0 , κ becomes imaginary and the quasiparticles can propagate in the bulk of the superconductor.
Next we note that for the Andreev process to take place, the angles θ, θ ′ and α ′ must all be less than 90
• . This sets the limit of maximum angle of incidence α. Using Eqns. 6 and 9, one finds that the critical angle of incidence is Note that in the thin or zero barrier limits treated in Refs. 17 and 11, α c = α Let us now consider a electron-like quasiparticle incident on the barrier from the normal side with an energy ǫ and transverse momentum q. The basic process of ordinary and Andreev reflection that can take place at the interface is schematically sketched in Fig. 2 .
As noted in Ref. 11 , in contrast to conventional NBS junction, graphene junctions allow for both retro and specular Andreev reflections. The former dominates when ǫ, ∆ 0 ≪ E F so that α = −α ′ (Eq. 6) while that latter prevails when E F ≪ ǫ, ∆ 0 with α = α ′ . Note that in The wave functions in the normal, insulating and superconducting regions, taking into account both Andreev and normal reflection processes, can then be written as
where r and r A are the amplitudes of normal and Andreev reflections respectively, t and t ′ are the amplitudes of electron-like and hole-like quasiparticles in the superconducting region and p, q, m and n are the amplitudes of electron and holes in the barrier. These wavefunctions must satisfy the appropriate boundary conditions:
These boundary conditions yield eight linear homogeneous equations for the coefficients r, r A , t, t ′ , p, q, m, and n.
After some straightforward but cumbersome algebra, we find that
where the parameters Γ and ρ can be expressed in terms of γ, β, θ, θ ′ , α, and α ′ (Eqs. 6, 9, 10, and 13) as
The tunneling conductance of the NBS junction can now be expressed in terms of r and r A
where First, when eV = E F and V 0 ≥ 2E F so that α c = α
c vanishes. For this situation to arise, E F + U 0 > ∆ > E F which means that U 0 has to be finite. Second, α c = α (2) c = 0 when eV = 0 and E F = V 0 , so that the zero-bias conductance vanishes when the barrier potential matches the Fermi energy of the normal side 62 We now make contact with the results of the thin barrier limit. We note that since there are no condition on the derivatives of wavefunctions in graphene NBS junctions, the standard delta function potential approximation for thin barrier 16 can not be taken the outset, but has to be taken at the end of the calculation. This limit is defined as d/λ → 0 and V 0 /E F → ∞ such that the dimensionless barrier strength
remains finite. In this limit, as can be seen from Eqs. 6, 9 and 10, θ, θ
that the expressions for Γ, ρ and η (Eq. 25)
where the superscript "tb" denotes thin barrier. Using the above-mentioned relations, we also obtain
Eqs . In this limit, α ≃ −α ′ ≃ γ (Eqs. 6 and 10),
, and θ ≃ −θ ′ (Eq. 9). Using these, one can write
Substituting Eq. 31 in the expression of N , we find that the numerator of the reflection amplitude r becomes (Eqs. 17 and 18)
From the expression of N (Eq. 32), we note the following features. to reach a maximum value of 2G 0 as long as the thin barrier limit is not satisfied. However, in practice, for barriers with V 0 > 4E F , the difference between θ and θ ′ turns out to be small for all q ≤ k F (≤ 0.25 for q ≤ k F and eV = 0) so that the contribution to N (Eq. 32)
Thus |r| 2 can become quite small for special values of V 0 for all q ≤ k F so that the maximum value of tunneling conductance can reach close to 2G 0 . Third, for large V 0 , for which the contribution of terms
) becomes negligible, N and hence r becomes very small when the applied voltage matches the gap edge i .e. sin(β) = 0 (Eq. 32). Thus the tunneling conductance curves approaches close to its maximum value 2G 0 and becomes independent of the gate voltage V 0 at the gap edge eV = ∆ 0 for ∆ 0 ≪ E F , as is also seen for conventional NBS junctions 16 . Fourth, in the thin barrier limit, (V 0 /E F → ∞ and d/λ → 0), θ → 0 and
vanishes and one gets 
Numerical Results
The above-mentioned discussion is corroborated by numerical evaluation of the tunneling conductance as shown in Figs shows that χ period deviate significantly from their thin barrier value π for low enough V 0 and diverges at V 0 → E F 63 . Fig. 6 shows the amplitude of oscillations of zero-bias conductance as a function of V 0 . We note that maximum of the zero-bias tunneling conductance
, the amplitude becomes independent of the applied voltage as in the thin barrier limit, as shown in Fig. 6 .
→ 0, so that G(eV = 0) → 0 and hence the amplitude vanishes.
Finally, in Fig. 7 , we plot the tunneling conductance G as a function of the applied biasvoltage eV and applied gate voltage V 0 for d = 0.4λ. We find that, as expected from Eq. 34, G reaches close to 2G 0 at the gap edge for all V 0 ≥ 6E F . Also, as in the thin barrier limit, the oscillation amplitudes for the subgap tunneling conductance is maximum at zero-bias and shrinks to zero at the gap edge eV = ∆ 0 , where the tunneling conductance become independent of the gate voltage.
Next, we consider the case
there is a large mismatch of Fermi surfaces on the normal and superconducting sides. Such a mismatch is well-known to act as an effective barrier for NBS junctions. Consequently, 
As discussed in the text, the tunneling conductance is virtually independent of the applied gate voltage V 0 due to the presence of a large U 0 . Note that maximum angle of incidence for which Andreev reflection can take place vanishes at eV = E F leading to vanishing of G at this bias voltage. oscillation of zero-bias tunneling conductance on U 0 for the applied bias voltages V 0 = 6E F and ∆ 0 = 0.01E F . As expected, the oscillation amplitude with decreases monotonically with increasing U 0 . We have verified that this feature is independent of the applied gate voltage V 0 as long as V 0 ≥ V 0c .
B. SBS junction
For this junction, the region I in Fig 1 is a superconducting region and the pair-potential can be given as
where ∆ 0 is the amplitude and φ 1 (2) are the phases of the induced superconducting order parameters in regions I (II) as shown in Fig.1 , and θ is the Heaviside step function. Solving
Eq. 2, the wavefunctions in the superconducting and the barriers regions are obtained. In region I, the wavefunctions for the DBdG quasiparticles moving along ±x direction with a transverse momentum k y = q = 2πn/L (for integer n) and energy ǫ, are given by
and i=1,4 |u i | 2 ≃ 2κ is the normalization condition for the wavefunction for d ≪ κ −1 , where
the angle of incidence for the quasiparticles, is given by sin(γ) = v F q/E F , and β is given by
Note that for |ǫ| > ∆ 0 , κ becomes imaginary and the quasiparticles can propagate in the bulk of the superconductor. The wavefunctions in region II (x ≥ 0 ) can also be obtained in a similar manner
where i=1,4 |v i | 2 = 2κ and the coefficients v i are given by
The wavefunctions for electrons and holes moving along ±x in the barrier region is given
Here the angle of incidence of the electron(hole) θ(θ ′ ) and is given by:
To compute the Josephson current in the SBS junction, the energy dispersion of the subgap Andreev bound states are found which are localized with localization length κ −1 at the barrier 43, 44 . The energy dispersion ǫ n (corresponding to the subgap state characterized by the quantum number n) of these states depends on the phase difference φ = φ 2 − φ 1 between the superconductors. The Josephson current I across the junction at a temperature T 0 is given by 13, 43 I(φ; χ, T 0 ) = 4e
where To obtain these subgap Andreev bound states, boundary conditions at the barrier are imposed. The wavefunctions in the superconducting and barrier regions are constructed using Eqs. 37, 40 and 42 as
where a 1 (a 2 ) and b 1 (b 2 ) are the amplitudes of right and left moving DBdG quasiparticles in region I(II) and p(q) and r(s) are the amplitudes of right(left) moving electron and holes respectively in the barrier. These wavefunctions satisfy the boundary conditions:
Substituting Eqs. 37, 40, 42, and 44 in Eq. 45, we get eight linear homogeneous equations for the coefficients a i=1,2 , b i=1,2 , p, q, r, and s, so that the condition for non-zero solutions of these coefficients can be obtained as
where A ′ , B ′ , and C ′ are given by
Note that in general the coefficients A ′ , B ′ , and 
so that the ǫ dependence of k b , k ′ b , θ and θ ′ can be neglected. In this regime one finds that The dispersion of the Andreev subgap states can now be obtained from Eqs. 46 and 39.
There are two Andreev subgap states with energies ǫ ± = ±ǫ where
Using Eq. 43, one can now obtain the expression for the Josephson current
where of the Andreev bound states becomes
where the superscript 'tb' denote thin barrier limit. The Josephson current I can be obtained substituting Eq. 52 in Eq. 43. In the limit of wide junctions, one gets
We find that the Josephson current in graphene SBS junctions is a π periodic oscillatory function of the effective barrier strength χ in the thin barrier limit. Further we observe that the transmission probability of the DBdG quasiparticles in a thin SBS junction is given by T (γ, χ) which is also the transmission probability of a Dirac quasiparticle through a square potential barrier as noted in Ref. 6 . Note that the transmission becomes unity for normal incidence (γ = 0) and when χ = nπ. The former condition is a manifestation of the Klein paradox for DBdG quasiparticles 6 . However, this property is not reflected in the Josephson current which receives contribution from quasiparticles approaching the is computed, where R N is the normal state resistance of the junction. For graphene SBS junctions R N corresponds to the resistance of a Dirac quasiparticle as it moves across a normal metal-barrier-normal metal junction. For short and wide junctions discussed here, it is given by R N = R 0 /s 1 (χ) where R 0 = π 2 v F 2 /(e 2 E F L) and s 1 (χ) is given by 6,13
Note that s 1 (χ) and hence R N is an oscillatory function of χ with minimum 0.5R 0 at χ = nπ and maximum 0.75R 0 at χ = (n + 1/2)π. The product I tb c R N , for thin SBS junctions is given by
where g tb max (χ) is the maximum value of g tb (φ, χ). Note that I 
III. EXPERIMENTS
Superconductivity has recently been experimentally realized in graphene 42 . In the proposed experiment to observe the oscillatory behavior in the tunneling conductance and
Josephson current, one needs to realize these junctions in graphene. The local barrier can be fabricated using methods of Refs. [5, 41] . The easiest experimentally achievable regime corresponds to ∆ 0 ≪ E F with aligned Fermi surfaces for the normal and superconducting regions. We suggest measurement of tunneling conductance curves at zero-bias (eV = 0) in this regime. Our prediction is that the zero-bias conductance will show an oscillatory behavior with the bias voltage. In graphene, typical Fermi energy can be E F ≤ 40meV and the Fermi-wavelength is λ ≥ 100nm 5, 6, 41, 42 . Effective barrier strengths of ≤ 80meV 6 and barrier widths of d ≃ 10 − 50 nm therefore specifies the range of experimentally feasible junctions 5, 6, 41 . Consequently for experimental junctions, the ratio V 0 /E F can be arbitrarily large within these parameter ranges by fixing V 0 and lowering E F . Experimentally, one can Further SNS junctions in graphene has also been recently been experimentally created 42, 46 .
To observe the oscillatory behavior of the Josephson current, alike the procedure to measure the tunneling conductance, it would be necessary to change V 0 in small steps δV 0 . 
IV. KONDO EFFECT AND STM SPECTRA A. Kondo effect in Graphene
In this section, we shall present a large N analysis for a generic local moment coupled to Dirac electrons in graphene to show that Kondo effect in graphene is unconventional can be tuned by gate voltage. We demonstrate the presence of a finite critical Kondo coupling strength in neutral graphene. We point out that local moments in graphene can lead to non Fermi-liquid ground state via multi channel Kondo effect.
The crucial requirement for occurrence of Kondo effect is that the embedded impurities should retain their magnetic moment in the presence of conduction of electrons of graphene.
We will not quantitatively address the problem of local moment formation in the presence of Dirac sea of electrons in graphene in the present paper. We expect that large band width and small linearly vanishing density of states at the fermi level in graphene should make survival of impurity magnetic moment easier than in the conventional 3D metallic matrix. A qualitative estimate of the resultant Kondo coupling can be easily made considering hybridization of electrons in π band in graphene with d orbitals of transition metals.
Typical hopping matrix elements for electrons in π band is t ∼ 2eV and effective Hubbard U in transition metals is 8eV. So the Kondo exchange J ∼ 4t 2 /U, estimated via standard Schrieffer-Wolf transformation, can be as large as 2 eV which is close to one of the largest J ≃ 2.5 eV for Mn in Zn. Therefore it is customary to use Kondo Hamiltonian 24 to study the effect in Graphene.
Large N analysis
Our analysis begins with the Hamiltonian for non-interacting Dirac electron in graphene.
In the presence of a gate voltage V , the Hamiltonian can be expressed in terms of electron annihilation operators Ψ s A(B)α at sublattice A(B) and Dirac point s = K, K with spin α =↑, ↓ as
where sgn(s) = 1(−1) for s = K(K ′ ), v F is the Fermi velocity of graphene, and all repeated indices are summed over. In Eq. 56 and rest of the analysis, we shall use an upper momentum
, where Λ ≃ 2eV corresponds to energy up to which the linear Dirac dispersion is valid, for all momenta integrals.
Eq. 56 can be easily diagonalized to obtain the eigenvalues and eigenfunctions of the Dirac electrons: E ± = eV ± v F k where k = (k x , k y ) = (k, θ) denote momenta in graphene and (s)θ) ). Following Ref. 27 , we now introduce the ξ fields, which represents low energy excitations with energies E ± , and write
In what follows, we shall consider a single impurity to be centered around x = 0. Thus to obtain an expression for the coupling term between the local moment and the conduction electrons, we shall need to obtain an expression for Ψ(x = 0) ≡ Ψ(0). To this end, we expand the ξ fields in angular momentum channels ξ
, where we have written k = (k, θ). After some straightforward algebra, one obtains
Note that Ψ B (0) receives contribution from m = ±1 channel while for Ψ A (0), the m = 0 channel contributes. The Kondo coupling of the electrons with the impurity spin is given by
where g is the effective Kondo coupling for energy scales up to the cutoff Λ, S denotes the spin at the impurity site, τ are the generators of the SU(N c ) spin group, and we have Here we have chosen Kondo coupling g to be independent of sublattice and valley indices. This is not a necessary assumption. However, we shall avoid extension of our analysis to flavor and/or color dependent coupling term for simplicity. Also, the Dirac nature of the graphene conduction electrons necessitates the Kondo Hamiltonian to mix m = ±1 and m = 0 channels (Eqs. 58 and 59). This is in complete contrast to the conventional Kondo systems where the Kondo coupling involves only m = 0 angular momentum channel.
The kinetic energy of the Dirac electrons can also be expressed in terms of the ξ fields:
Typically such a term involves all angular momenta channels. For our purpose here, it will be enough to consider the contribution from electrons in the m = 0, ±1 channels which contribute to scattering from the impurity (Eqs. 58 and 59). To make further analytical progress, we now unfold the range of momenta k from (0, ∞) to (−∞, ∞) by defining the fields c
so that one can express the Ψ fields as Ψ
In terms of the c s 1(2)α fields, the kinetic energy (in the m = 0, ±1 channels) and the Kondo terms in the Hamiltonian can therefore be written as
where E k = eV + v F k and summation over all repeated indices are assumed.
We follow standard procedure 47 of representing the local spin by SU(N c )Fermionic fields f α and write the partition function of the system in terms of the f and c fields where
is the propagator for c fields, J = gN c /2 is the renormalized Kondo coupling, we have imposed the impurity site occupancy constraint α f † α f α = Q using a Lagrange multiplier field ǫ(τ ).
We now use the identity
and decouple S 1 using a Hubbard-Stratonovitch field φ s l . In the large N c limit one has S = S 0 + S 2 + S 3 + S 4 , where
Note that at the saddle point level φ and obtain an effective action in terms of φ 0 and ǫ 0 and one gets S ′ = S 5 + S 6 with
where Tr denotes Matsubara frequency sum as well as trace over all matrices and the Fermion
where, in the last line we have switched to dimensionless variables p n = ω n /Λ and q = eV /Λ.
One can now obtain the saddle point equations from Eq. 66 which are given by δS ′ /δφ 0 = 0 and δS ′ /δǫ 0 = 0. Using Eqs. 66 and 67, one gets (after continuing to real frequencies and
where we have defined the dimensionless variable
, and have used the energy cutoff Λ for all frequency integrals. At the critical value of the coupling strength, putting ν = 0 and ∆ 0 = 0, we finally obtain the expression for J c (q, T )
where the temperature k B T is the infrared cutoff,
coupling in the absence of the gate voltage, and we have omitted all subleading non-divergent term which are not important for our purpose. For V = 0 = q, we thus have, analogous to the Kondo effect in flux phase systems 27 , a finite critical Kondo coupling
which is a consequence of vanishing density of states at the Fermi energy for Dirac electrons in graphene. Of course, the mean-field theory overestimates J c . A quantitatively accurate estimate of J c requires a more sophisticated analysis which we have not attempted here.
Results and Discussions
The presence of a gate voltage leads to a Fermi surface and consequently J c (q, T ) → 0 as T → 0. For a given experimental coupling J < J c (0) and temperature T , one can tune the gate voltage to enter a Kondo phase. Fig. 15 , which shows a plot of J c (q, T ) as a function of T for several gate voltages q illustrates this point. The temperature T * (q) below which the system enters the Kondo phase for a physical coupling J can be obtained using J c (q, T * ) = J which yields
For a typical J ≃ 2eV and voltage eV ≃ 0.5eV, T * ≃ 35K 65 We stress that even with overestimated J c , physically reasonable J leads to experimentally achievable T * for a wide range of experimentally tunable gate voltages.
We now discuss the possible ground state in the Kondo phase qualitatively. In the absence of the gate voltage a finite J c implies that the ground state will be non-Fermi liquid as also The estimated value of T K has rather large variation due to exponential dependence on J.
However, we note that Kondo effect due to Cobalt nano-particle in graphitic systems such as carbon nanotube leads to a high T K ≈ 50K which means that a large J may not be uncommon in these systems. Recently, It has also been shown that the Kondo effect can be controlled by orbital degrees of freedom 53 . A symmetry class of orbitals in a magnetic adatoms with inner shell in graphene leads to a distinct quantum critical points, where
Finally, we note that recent experiments have shown a striking conductance changes in carbon nanotubes and graphene, to the extent of being able to detect single paramagnetic spin-half NO 2 molecule 55 . This has been ascribed to conductance increase arising from hole doping (one electron transfer from graphene to NO 2 ). Although Kondo effect can also lead to conductance changes, in view of the fact that a similar effect has been also seen for diamagnetic NH 3 molecules, the physics in these experiments is likely to be that of charge transfer and not local moment formation.
B. STM spectra of Graphene
The experimental situation for STM measurement is schematically represented in graphene sites, our analysis is applicable for large impurity size where inter-valley scattering is negligible.
Tunneling Current
The tunneling current for the present model is given by
where N = νs t † νs t νs is the number operator for the tip electrons. These commutators receive contribution from H dt and H Gt in Eqs. 74 and 75 and can be evaluated by a straightforward generalization of method outlined in Ref. 39 to the case of superconducting tips. A standard calculation yields
where 
is the Fermi function, and Σ d (ǫ) is the impurity advanced self-energy in the absence of the tip. Here B(ǫ) = V 0 U 0 I 2 (ǫ) and q(ǫ) is given by
where,
Here, we have neglected the energy dependence of the coupling functions assuming small applied voltages. Tr denotes trace over Pauli matrices in pseudospin, valley and spin spaces, and G is the Green function for the graphene electrons:
A simple calculation yields 39,57
where Λ is the ultraviolet momentum cutoff and θ is the Heaviside step function. Usually, in graphene, Λ is taken to be the energy at which the graphene bands start bending rendering the low-energy Dirac theory inapplicable and can be estimated to be 1 − 2eV 31 .
Results and Discussions
Here we are going to analyse the tunneling conductance G = dI dV as measured by STM.
In the absence of impurities, the contribution to the conductance comes from the first term of Eq. 77. For s-wave superconducting tips, one finds that the tunneling conductance (G(V ) = dI/dV ) for E F > 0 and at T = 0 is given by (with r = E F /∆ 0 , p = −eV /∆ 0 )
, and Sgn(x) denote the signum function. For graphene with E F = r = 0, dG/dV ∼ Sgn(V )N t (−V ), i.e., the tip DOS is given by the derivative of the tunneling conductance. For large E F away from the Dirac point, the first term of G becomes large and reflects the tip DOS. In between these extremes, when E F ∼ eV , neither G nor dG/dV reflects the DOS. In this region, the signature of the Dirac point appears through a cusp (discontinuity) in G (dG/dV ) at eV = −E F − ∆ 0 arising from the contribution of the second (third) term in Eq. 83 (Eq. 84). These features, shown in Fig. 17 , distinguishes such graphene STM spectra with their conventional counterparts 40 .
Next, we turn to the case of impurity doped graphene and consider a metallic tip with constant DOS. The contribution to the tunneling conductance from the impurity (after subtracting the graphene background) at T = 0 (Eq. 82) is
where G ′ 0 = 2e 2 ρ 0t Λ/h. Such tunneling conductances are known to have peak/antiresonace/dip feature at zero bias for |q| ≫ 1/ ≃ 1/ ≪ 1 38 . In conventional metals, Eq. 77 can be used to compute the STM current by taking U 0 as a fixed parameter independent of the position of the impurity. However, the situation in graphene necessitates a closer attention to U 0 which is proportional to the probability amplitude of the Dirac quasiparticles in graphene to hop to the tip. The strength of U 0 can be estimated using the well-known Bardeen tunneling formula 58 :
where the last similarity is obtained by a careful evaluation of the surface integral d 2 r over a surface between the graphene and the tip parallel to the graphene sheet 59 , ( r 0 , z 0 )
is the coordinate of the tip center 59 , φ ν (z) is tip electron wavefunction, and the wavefunction graphene electrons Ψ G ( r, z) around K(K ′ ) valley, can be written, within tight-binding approximation, as
Here θ k = arctan(k y /k x ), δk is the Fermi wave-vector as measured from the Dirac points with ) to be identical for all neighboring A and B sublattice points 1..6 surrounding the impurity (Fig. 16) . Consequently, the sum over lattice vectors R For finite E F , ( δk = 0) there is a finite but small contribution (O(| δk|/| K|)) to Ψ G ( r 0 , z 0 ) from the nearest neighbor sites. Thus Ψ G ( r 0 , z 0 ) and hence U 0 is drastically reduced when the impurity is atop the hexagon center. In this case, we expect U 0 ≪ W 0 and hence |q| ≫ 1 (Eq. 78) leading to a peaked spectra for all E F . In contrast, for the impurity atom atop a site, there is no such symmetry induced cancellation and ψ G ( r 0 , z 0 ) receives maximal contribution from the nearest graphene site directly below the tip. Thus we expect |U 0 | ≫ |W 0 | (since it is easier for the tip electrons to tunnel to delocalized graphene band than to a localized impurity level) leading to q ≃ I 1 /I 2 ≃ − ln |1 − Λ 2 /(eV + E F ) 2 |/π. For large |eV + E F | and impurity atop a site, q ≤ 1 leading to a dip or an antiresonance in G imp which is qualitatively distinct from the peaked spectra for impurity atop the hexagon center.
As E F → 0, q diverges logarithmically for small eV . However, it can be shown that in this regime χ shows a stronger linear divergence for eV = ǫ d which suppresses G imp . At eV = ǫ d , the divergence of χ also becomes logarithmic and we expect a peak of G imp . Note that these effects are independent of Σ d and hence of the precise nature of the impurity. Such an impurity position dependent peak/dip structure of G imp has been observed for magnetic impurities in Ref. 35 for E F ≫ eV .
To demonstrate this feature, we restrict ourselves to impurities with small Hubbard U and compute the self energy of the impurity electrons within a mean-field theory where
Un σ nσ = U n σ nσ leading to spin-dependent on-site impurity energy ǫ σ = ǫ d + U nσ 57 .
Using Eqs. 71 and 73, one then obtains the mean-field advanced impurity Green function shows a dip. The change of G imp from a dip to a peak via an antiresonance as a function of E F /Λ when the impurity is atop a site can be seen from right panel of Fig. 18 . In contrast, the left panel always shows peak spectra.
Before ending this section, we note that the logarithmic divergence of the G imp when the impurity is reasonably close to the Dirac point is a characteristics of the Dirac physics of the low-energy quasiparticles. This feature is therefore also expected to be seen for tunneling conductance measured atop an impurity on the surface of a topological insulator.
V. CONCLUSION
In this review we have presented a theory for transport properties across superconducting junctions of graphene with barriers of thickness d 0 and arbitrary gate voltages V 0 applied across the barrier region. The oscillatory behaviour of the tunneling conductance as well as
Josephson current are shown to be robust even for a barrier of finite width. In the thin barrier limit, such behavior is the manifestation of the transmission resonance of DBdG quasiparticles in superconducting graphene. Graphene is an interesting candidate for transport applications, in particular for spintronics as it exhibits exhibits remarkably high mobility with easily controllable carrier density. Superconducting junctions of graphene has recently been realized experimentally 42, 46 . Further experiments in this direction may therefore lead to realization of SBS and NBS junctions discussed in this review and hence may lead to verification of some the theoretical results discussed here.
The effect of localized impurities on the electronic properties of graphene has attracted a lot of recent attention. We have studied the effect of presence of localized magnetic impurities in graphene which gives rise to the Kondo effect i.e. the dynamic screening of the localized moment. The Kondo effect in graphene is unconventional as the effective coupling Kondo coupling strength (for weak coupling regime) can be tuned by gate voltage.
Recent studies 54 have found that the Kondo coupling strength can also be controlled by a gate voltage in the strong coupling regime. We also discuss scanning tunneling conductance spectra phenomenon for both doped and undoped graphene. The position of the impurity on or in graphene plays a subtle role and affects the underlying physics of STM spectra in doped graphene. For impurity atoms atop the hexagon center, the zero-bias tunneling conductance shows a peak; for those atop a graphene site, it shows a dip. This feature is a direct consequence of pseudospin symmetry and Dirac nature of graphene quasiparticles. 
